In the male gonad, the FSH receptor (FSHR) gene is expressed only in Sertoli cells. To date, the mechanism(s) responsible for Sertoli cell-specific expression of the FSHR gene are unknown. In this study, DNA methylation at specific sites in the promoter are shown to lead to changes in the DNA-protein interactions at those sites and, subsequently, to transcriptional repression of the gene. The extent of methylation of cytosine residues within the core promoter region of genomic DNA isolated from cells/tissues that expressed, or did not express, the FSHR gene was analyzed by the sodium bisulfite conversion technique. All seven cytosine residues in CpG dinucleotides within the core promoter region were found to be unmethylated in primary cultured rat Sertoli cells that were actively expressing FSHR mRNA. In contrast, in tissues not expressing FSHR the same region of the gene was methylated at each of the CpG dinucleotides examined. In addition, DNA-protein interactions in three primary regulatory regions of the promoter were examined by electrophoretic mobility shift assays (EMSA) with synthetic oligonucleotides containing selectively methylated cytosine residues. 
INTRODUCTION
The biosynthetic properties and characteristic structure of Sertoli cells define their fundamental role as nurse cells for spermatogenesis [1, 2] . Follicle-stimulating hormone stimulates the expression of genes in Sertoli cells that promote the initiation and maintenance of spermatogenesis [3, 4] . The FSH signal is mediated by the FSH receptor (FSHR) whose expression is highly restricted to Sertoli cells in the testis and granulosa cells in the ovary. Overall, in the male rodent, FSH appears to be essential for quantitatively normal reproductive function, although it is not required for fertility [5] .
Cell-specific gene expression is generally considered to be regulated by the interaction of basal and cell-specific transcription factors with cis-acting promoter elements [6] . In the TATA-less rat FSHR promoter, three major regulatory regions have been identified. First, the initiation of transcription in the FSHR gene takes place within Inr elements (GCAGATC, Ϫ100/Ϫ94; ACAGTGT, Ϫ81/Ϫ75) that encompass two major transcriptional initiation sites at position Ϫ98 and Ϫ80 base pairs (bp) [7, 8] . Second, an E box sequence (CACGTG, Ϫ124/Ϫ119) within the FSHR promoter has been identified as an essential positive regulatory element that binds with the ubiquitous transcription factor USF1/2. Mutation of the E box element decreased reporter gene activity in transfected cells by more than 50% [8, 9] . Third, a consensus E2F (TTTCGCG, Ϫ45/Ϫ39) element of the FSHR promoter was reported as a possible regulatory element for transcription activity of the FSHR gene [9] . These previous studies failed to identify a cisacting element that could account for the cell specificity of the rat FSHR gene expression, and the proximal promoter was shown to be active in initiating transcription of reporter genes when transfected into a variety of cells in vitro [7] [8] [9] [10] .
Some mammalian genes exhibit an inverse correlation between the extent of DNA methylation and gene activity [11] [12] [13] [14] . Methylation of DNA is a heritable biological signal and occurs primarily at the fifth position of a cytosine residue within CpG dinucleotide motifs on both strands of DNA [15, 16] . Previously, using methylation-sensitive restriction endonucleases, a cytosine base at nucleotide Ϫ84 was shown to be methylated in the promoter of a mouse Sertoli cell line (MSC-1). Expression of the FSHR gene in this cell line is silenced [10] . The core rat FSHR promoter has seven potential methylation sites, including position Ϫ84, but the methylation pattern of the entire core promoter has not been examined.
In this study, the extent of and consequence of methylation of all cytosine residues in the FSHR core promoter was determined. A sodium bisulfite conversion technique was used to analyze the in vivo methylation pattern of the core promoter region in tissues where FSHR expression was silenced and in Sertoli cells that were actively transcribing the FSHR gene. The targeted methylation of cisacting elements in the FSHR promoter region altered the interactions of the promoter with nuclear proteins from the Sertoli cells. In addition, the extent of demethylation of the promoter region in MSC-1 cells was shown to correlate directly with the level of endogenous FSHR gene tran-scripts. The results show that DNA methylation correlates directly with the cell-specific silencing of the FSHR gene.
MATERIALS AND METHODS

Cell Cultures of Primary Sertoli Cells and MSC-1 Cell Line
Primary Sertoli cells were cultured from 20-day-old Sprague-Dawley male rats as previously described [17] . Cells were plated in 150-mm culture dishes with Hams F-12 medium (Gibco BRL Life Technologies, Inc., Grand Island, NY) and maintained at 32ЊC in a humidified 5% CO 2 and 95% air atmosphere. The media was changed on the third day of culture. Prior to extraction of nuclear proteins, cells were treated with 10% bovine calf serum with F-12 medium for 24 h. Cells were harvested on the fifth day for genomic DNA isolation and nuclear protein extraction. The mouse Sertoli cell line, MSC-1, was grown in Dulbeccos modified Eagles medium (DMEM) supplemented with 10% bovine calf serum at 37ЊC in the 5% CO 2 and 95% air conditions.
Sodium Bisulfite Conversion of Genomic DNA
The genomic sequencing was based upon the bisulfite modification and subsequent polymerase chain reaction (PCR) amplification of single-stranded DNA originally described by Frommer [18] . Genomic DNA was isolated from cultured rat Sertoli cells, tissues from 20-day-old rats (brain, kidney, liver, and spleen), as well as MSC-1 cells [19] . The genomic DNA was digested with the restriction enzyme BamHI, and then 2 g of DNA was denatured with 0.3 N NaOH in a volume of 25 l for 20 min at 37ЊC. The denatured DNA was treated with sodium bisulfite by addition of 250 l of a freshly prepared solution of 4.0 M sodium bisulfite (NaHSO 3 ) and 10 mM hydroquinone at pH 5.0. The reaction was overlayered with mineral oil and incubated at 55ЊC for 8-12 h. The bisulfite-treated DNA was recovered using the DNA Clean-Up System (Promega, Madison, WI), according to the manufacturer's instructions. The DNA was desulfonated by treatment with 0.3 N NaOH for 20 min at 37ЊC, and the reaction was neutralized by treatment with 3 M ammonium acetate (CH 3 COONH 4 , pH 7.0). Finally, the DNA was precipitated with ethanol and resuspended in 100 l of TE buffer (10 mM Tris-HCl, 0.5 mM EDTA, pH 7.5). The bisulfite-converted DNA (50 ng) was used for PCR amplification.
Polymerase Chain Reaction Amplification of the Promoter Region
The sense strand of the region of interest of the FSHR promoter was amplified from bisulfite-treated DNA by PCR using strand-specific external primers. This reaction product (5 l) was used directly in a second PCR reaction with internal primers. These two external (primer set A) and internal (primer set B) primer sets were designed with regard to CpG sites because cytosine residues in any given site would be modified after bisulfite conversion reaction (indicated in underlines). Thus, the primer pairs can recognize the bisulfitemodified sense strand and cannot anneal to the nonmodified DNA strand. The following PCR primers were used for bisulfite genomic DNA sequencing of the Ϫ278-to ϩ46-bp region of the rat FSHR core promoter: primer set A, PA1: 5Ј-GGAGAAGATAGTAGTGATTAGTAGGGAT-3Ј (Ϫ278/Ϫ250), PA2: 5Ј-ATACTCAAATAAAAACCACA-CAACTAL-3Ј (ϩ171/ϩ196); primer set B, PB1: 5Ј-
The first round of PCR was performed in a volume of 50 l containing 50 ng bisulfite-treated DNA, 10 M of primer set A designed to read the upper strand of the region, 200 M dNTPs, 3 mM MgCl 2 , and 0.5 units of Taq DNA polymerase (Gibco BRL Life Technologies). Amplification was performed under the following conditions: one cycle of 94ЊC for 2 min; five cycles of 94ЊC for 1 min, 48ЊC for 2 min, 72ЊC for 2 min; 30 cycles of 94ЊC for 0.5 min, 48ЊC for 2 min, 72ЊC for 1.5 min; one cycle of 72ЊC for 6 min. The first PCR product (5 l) was used in a second round PCR reaction that contained 10 M of primer set B. The PCR reaction was performed under the same conditions as described above except an annealing temperature of 53ЊC was used. Following PCR amplification with the gene-specific primer, only 5-methylcytosine residues are amplified as cytosine, whereas all uracil residues, originally cytosine in the template, are amplified as thymine. To visualize the genomic DNA sequences, at least five separate bisulfite-reacted genomic DNA preparations were used for sequencing.
Electrophoretic Mobility Shift Assay
The ability of protein to form complexes with synthetic oligonucleotides was detected by electrophoretic mobility shift assay (EMSA), according to the method of Kerr [20] . Nuclear extracts were prepared from Sertoli cells and other tissues as follows [21] : Cultured cells were washed with PBS, collected with a scraper, and precipitated by centrifugation at 1500 ϫ g for 5 min. The cells were resuspended in 400 l of ice-cold hypotonic buffer (10 mM Hepes, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.2 mM PMSF, 0.5 mM dithiothreitol [DTT]), allowed to swell for 15 min, and precipitated by centrifugation at 1500 ϫ g for 5 min. The cells were then resuspended in high salt buffer (20 mM Hepes, pH 7.9, 25% glycerol, 1.5 mM MgCl 2 , 420 mM NaCl, 0.2 mM EDTA, 0.2 mM PMSF, 0.5 mM DTT) and incubated on ice for 20 min. After centrifugation, the supernatant was frozen in aliquots at Ϫ70ЊC. The protein concentration in the nuclear extracts was determined using the micro-bicinchoninic acid protein assay (Pierce Chemical Co., Rockford, IL). The probes used in the EMSA were doublestranded synthetic oligonucleotides corresponding to positions of the FSHR promoter region. Several oligonucleotides, containing an E box, an Inr, or an E2F motif were synthesized using a DNA synthesizer (PE Biosystems, Foster City, CA). For synthesis of methylated oligonucleotides, 5-methylcytidine phosphoramidite replaced cytosine phosphoramidite at the CpG site of the sequences and annealed to double strands. The following oligonucleotide sequences were used as complementary strand probes: E box (21-mer, Ϫ133/Ϫ113), E box-WT: TTGGTGGGTCACGTGATC-TTG, E box-Me: TTGGTGGGTCAMGTGATCTTG; Inr (28-mer, Ϫ105/Ϫ78), Inr-WT: TCCAAGCAGATCTCT-CTTATCCGGACAG, Inr-Me: TCCAAGCAGATCTCT-CTTATCMGGACAG, Inr-Mut: TCCAAGCAGATCTCTCTATCtaGGCAG; E2F (23-mer, Ϫ54/Ϫ32), E2F-WT: TGTGGAAGTTTTCGCGCTGATGC, E2F-MeA: TGT-GGAAGTTTTMGCGCTGATGC, E2F-MeB: TGTGGA-AGTTTTCGMGCTGATGC, E2F-MeC: TGTGGAAGT-TTTMGMGCTGATGC. Italicized sequences represent a consensus cis-acting element. Among sequences, M indicates 5-methylcytosine. Mutated nucleotides other than methylation are shown as lowercase letters. The WT, Me, and Mut represent wild-type, methylated, and mutated probes, respectively. Both single-stranded oligonucleotides were end-labeled using 1 unit of T4 polynucleotide kinase and 12.5 pmole of [␥-32 P]ATP at 37ЊC for 30 min, and the labeled complementary strands were then annealed. The double-stranded oligonucleotides were purified using a 20% native polyacrylamide gel.
The 32 P-labeled double-stranded oligonucleotides, either methylated or unmethylated, corresponding to a specific region of FSHR gene promoter were incubated with the nuclear extracts as described below. The binding reaction was performed by incubation of 2-to 4-g nuclear extracts with approximately 4 pmole (50 000 cpm) of end-labeled DNA at 4ЊC for 30 min in the presence of 2 g of poly(dI-dC)(dIdC) or poly(dA-dT)(dA-dT) in a final volume of 15 l, containing 12.5 mM Hepes, pH 7.9, 5% glycerol, 25 mM KCl, 10 mM MgCl 2 , and 0.5 mM DTT. The DNA-protein complex was separated from the unbound probe on a 5% native polyacrylamide gel (29:1 acrylamide:bis-acrylamide) in 0.5ϫ TBE (22.5 mM Tris-borate, pH 8.2, 0.5 mM EDTA). Gels were dried and exposed to autoradiographic x-ray film. In competition experiments, molar excesses of unlabeled oligonucleotides were incubated with binding buffer prior to addition of the labeled probe.
Treatment of MSC-1 Cell Line with 5-azaCdR
The MSC-1 cells were cultured in 100-mm plates with DMEM and 10% bovine calf serum (BCS) to 60% confluence at a density of 1 ϫ 10 6 cells per plate. The MSC-1 cells were treated with 0.5 M, 1.0 M, or 2 M 5-aza-2Ј-deoxycytidine (5-azaCdR, Sigma) for 24 h [22] . The cultured medium was changed 24 h after treatment and at intervals of 3 days. The cells were allowed to grow in DMEM with 10% BCS for 9 days. On the ninth day following treatment, the cells were treated again with 5-azaCdR using the same conditions. After incubation for 24 h, the media were replaced and the cells incubated for another 3 days. Genomic DNA and total RNA were isolated from control cells and 12-day treated cells as described [19, 23] .
Analysis of DNA Demethylation by 5-azaCdR in the MSC-1 Cells
Demethylation of DNA by 5-azaCdR was correlated with FSHR expression by analysis of the methylation pattern in the core promoter with bisulfite genomic sequencing as previously described [18] . After treatment of genomic DNA with sodium bisulfite, the sense strand of the region of FSHR promoter was amplified using mouse sequence-specific primers. Both external (set A) and internal (set B) primer sets for genomic sequencing of the mouse FSHR core promoter were used. The following PCR primers were used for bisulfite sequencing of the Ϫ273-to ϩ46-bp region of the core promoter of mouse FSHR gene: primer set A, mPA1: 5Ј-ATTTTGATATTATTGAGAAGAGAGTAGTG-3Ј (Ϫ425/ Ϫ397), mPA2: 5Ј-ATACTCAAATAAAAAACACAAAAC-TA-3Ј (Ϫ171/Ϫ204); primer set B, mPB1: 5Ј-ATAGGTTTT-GAAGGATAAGATAGGTGTTT-3Ј (Ϫ273/Ϫ245), mPB2: 5Ј-ATCCCAAACCCAAAAATACCAACAAA-3Ј (ϩ21/ ϩ46).
The first PCR reaction was performed under following conditions: one cycle of 94ЊC for 2 min; five cycles of 94ЊC for 1 min, 57ЊC for 2 min, 72ЊC for 2 min; 30 cycles of 94ЊC for 0.5 min, 58ЊC for 2 min, 72ЊC for 1.5 min; one cycle of 72ЊC for 6 min. The second PCR reaction was performed under the same conditions as described above except at an annealing temperature of 58ЊC. The final amplified PCR product was 330-bp of the mouse FSHR core promoter.
Isolation of RNA and Reverse Transcription-PCR
Total RNA was isolated from 5-azaCdR-treated MSC-1 cells and nontreated total testis as described by Kingston [23] . After the 12-day treatment with 5-azaCdR, cells were lysed with 3.5 ml of 4 M guanidinium solution containing 350 l of ␤-mercaptoethanol. The cell lysate was drawn through a syringe with a 20-gauge needle to shear genomic DNA. The lysate was then layered on top of 1.5 ml of 5.7 M CsCl in 5-ml ultracentrifuge tubes. After centrifugation at 35 000 rpm for 16 h, the supernatant was decanted, and the RNA pellet was washed twice in 70% ethanol prepared with diethyl pyrocarbonate-treated water. Total RNA from the whole testes of normal adult mice was isolated for positive control of the reverse transcription (RT)-PCR reaction. The total RNA of the testis was extracted with Trizol reagent as recommended by the supplier (Gibco BRL Life Technologies). For cDNA synthesis, RT reactions were performed using total RNA (3 g), 5 pmole of sequence-specific primer nA2, 5 pmole of dNTPs, and 1 unit of reverse transcriptase Superscript II (Gibco BRL Life Technologies) in a 20-l reaction. The reaction mixture was incubated 1 h at 42ЊC, and the reaction was terminated by incubation for 15 min at 75ЊC. Negative control RT reactions were performed under the same conditions without total RNA. The cDNA samples were then amplified with primers (nB1 and nB2) specific for the mouse FSHR promoter. The PCR was performed in a volume of 50 l containing 2 l of the cDNA from the RT reaction, 10 M of primer set nB, 200 M dNTPs, 2 mM MgCl 2 , and 0.5 unit of Taq DNA polymerase (Gibco BRL Life Technologies). Amplification was performed under following conditions: one cycle of 94ЊC for 3 min; five cycles of 94ЊC for 1 min, 48ЊC for 2 min, 72ЊC for 2 min, 25 cycles of 94ЊC for 0.5 min, 50ЊC for 2 min, 72ЊC for 1.5 min; one cycle of 72ЊC for 5 min. After PCR, the amplified cDNAs were electrophoresed on 0.8% agarose gel. The RT-PCR was also done with genomic DNA before treatment of the cells as a negative control and in the total mouse testis as a positive control. Primer nPA2 was used for the RT reaction, and primer sets nB used for PCR were designed to amplify 290 bp of the mouse FSHR promoter. Primer sequences are as follows: nPA2: 5Ј-GAC-GATACTCACAGTTCAATG-3Ј (ϩ143/ϩ163); primer set nB, nPB1: 5Ј-TTGAAGGATAAGACAGGTGCT-3Ј (Ϫ266/Ϫ246), nPB2: 5Ј-AAGAATGCCAGCAAGGAGA-3Ј (ϩ16/ϩ32).
RESULTS
Analysis of Methylation Sites Within the Core Promoter of the FSHR Gene in Cells and Tissues
The pattern of cytosine methylation within the core promoter of the FSHR promoter region was analyzed using the differences in bisulfite reactivity for cytosine and 5-methylcytosine residues. A comparison was made between genomic DNAs from Sertoli cells that express the FSHR gene and various tissues that do not express the FSHR gene. The 320-bp region analyzed by bisulfite genomic sequencing encompassed seven CpG dinucleotides in the rat FSHR promoter that are potential methylation sites (221 bp shown in Fig. 1) , and four CpG dinucleotides in the mouse promoter (230 bp shown in Fig. 1 ). The CpG dinucleotides in the rat FSHR promoter were found at nucleotides Ϫ155, Ϫ122, Ϫ110, Ϫ84, Ϫ42, Ϫ40, and Ϫ20. Some of the methylated cytosine bases were located within major regulatory regions of the promoter such as the E box (CACGTG, nucleotide [nt] Ϫ122), the Inr region (-CCGG-, nt Ϫ84), as well as the consensus sequence for transcription factor E2F (TTTCGCG, nt Ϫ42 and Ϫ40) (Fig. 1) [7] [8] [9] [10] . The analysis of the sequence showed that all cytosine residues that are potential methylation sites in the region of interest were fully converted to thymine in the FSHR promoter of rat Sertoli cells. Representative sequencing results for the three major regulatory regions are shown in Figure 2 . Likewise, all cytosine residues that were adjacent to adenine, thymine, and cytosine residues in the original template were converted to thymine, indicating that the bisulfite conversion reaction was complete. These data showed that every CpG dinucleotide present in the core promoter region of the FSHR gene was unmethylated in the rat Sertoli cells (Figs.  2 and 3) . On the contrary, in the promoter of brain tissue in which the gene was not expressed, cytosine residues in CpG dinucelotides were not converted to thymine (Fig. 2) . We extended this analysis to a variety of different rat tissues such as kidney, liver, and spleen and found identical results in that all seven CpG dinucleotides were methylated in all genomic DNAs examined (results summarized in Fig. 3) .
The same analysis was done on DNA from the mouse MSC-1 cells (summarized in Fig. 3 ). MSC-1 is a well-characterized Sertoli cell line that does not express the FSHR mRNA [24, 25] . The methylation pattern of the DNA from the MSC-1 cells was consistent with that found in the non- 4 . Characterization and effect of DNA methylation on E box by EMSA. Nuclear extracts derived from Sertoli cells (3 g) were incubated with labeled unmethylated or methylated E box oligonucleotides and separated on a polyacrylamide gel. As a probe, a synthetic oligonucleotide for the E box element (Ϫ133/Ϫ113) was used that contained either wildtype (-CACGTG-) or methylated cytosine (-CAMGTG-) within the core recognition site. Probe (50 000 cpm) was used with 1, 2.5, 5, 7.5, or 10 g of proteins from Sertoli cell nuclear extracts. expressing rat tissues. Four CpG methylation sites are found at nucleotides Ϫ161, Ϫ121, Ϫ84, and Ϫ43 in the mouse FSHR promoter. Three of these sites are found in the major regulatory elements of the mouse promoter including the consensus E box (CACGTG, nt Ϫ121), the Inr region (-CCGG-, nt Ϫ84), and the E2F (TTTCGCT, nt Ϫ43).
Effects of Methylation on the Regulatory Region of the FSHR Promoter
The presence of the CpG dinucleotides in the regulatory regions of the FSHR core promoter suggested a possible interaction between cytosine methylation and the binding of transcription factors. The EMSAs with synthetic oligonucleotides that contained either unmethylated or methylated cytosine base(s) in the CpG sequence were used to investigate whether site-specific DNA methylation of the cis-acting regulatory region could directly affect the binding affinity of the transcription complexes.
It was shown in previous studies that a consensus E box element in the FSHR promoter is a functional binding site for the USF1/2 heterodimers, and high affinity binding to this site is required for activation of transcription [8, 9] . The EMSA binding reactions were done with selectively methylated or unmethylated oligonucleotides containing the E box sequence and nuclear extracts from cultured rat Sertoli cells. Major retarded bands, previously shown to consist largely of complexes of DNA and USF heterodimers were formed on the gel with the unmethylated E box probe (E box-WT, 21mer) that contained a consensus -CACGTGsequence (Fig. 4, lane 1) . The EMSA results with the methylated probe E box-Me, where the CpG dinucleotide was replaced with 5-methyl CpG (-CAMGTG-), were qualitatively the same as with the unmethylated probe (E box-WT), but the bands were formed with a reduced affinity (lane 2). Furthermore, the level of binding of the protein to the methylated E box element was compared by EMSA where probe was incubated with increasing amounts of nuclear extracts (Fig. 4) . The differential binding affinity in the complex was estimated by densitometric analysis to be at least 3.5-fold.
The region (-CCGG-, Ϫ85/Ϫ82) between the two Inr elements also contained differentially methylated cytosine residues. The Inr element is known to provide basal transcriptional initiation by binding of a minimal set of proteins when a TATA box is not present in the promoter [26] [27] [28] . Protein binding activity was determined using EMSA with an oligonucleotide probe corresponding to the region 3Ј of the first Inr element and including the CpG dinucleotide. Multiple DNA-protein complexes were generated by the unmethylated Inr probe (Inr-WT, -TATCCGG-) and rat Sertoli cell nuclear extracts (lane 1; Fig. 5 ). An EMSA with the methylated probe Inr-Me (-TATCMGG-), where the CpG dinucleotide was replaced by 5-methyl CpG, revealed an additional faster migrating complex (complex M; lane 2; Fig. 5 ). When a mutated probe Inr-Mut (-TATCTAG-) where CpG was replaced by TpA was used in the EMSA, all of the faster migrating bands were selectively reduced without generating a new complex (Fig. 5, lane 3) .
From the results of bisulfite sequencing analysis, two cytosine residues of the E2F element were found to be methylated (see Figs. 2 and 3) . Sequence analysis indicated that a putative regulatory E2F sequence (TTTCGCG), located about 40 bp upstream of the translational initiation site, was located in this transcribed region of the gene. Two distinctive DNA-protein complexes (I and II) were formed in an EMSA analysis using an unmethylated probe, indicating that putative binding proteins for the E2F element were present in nuclear extracts from Sertoli cells (Fig. 6 ). An E2F-1-specific antibody (Santa Cruz) was used in EMSA experiments, but no supershifted complex was detected (data not shown). When either a methylated probe E2F-MeA (-TTTMGCG-) or E2F-MeB (-TTTCGMG-) was used to examine relative effects of the methylation of each site on protein binding, it was shown that the methylation at one of the CpG sites resulted in a weaker formation of both complexes, especially complex I (not shown). A corresponding mutation of the E2F sequences E2F-MutA (-TTTATCG-) had a modest reduction in binding activity that was similar to the effect of methylation of either CpG dinucleotides within the consensus E2F sequence. When E2F-MeC that contained two methylated cytosine residues (-m CG m CG-) was used as the probe, a new complex (Fig.  6 , complex III, lane 6) was formed with a similar, although not identical, mobility to that complex I (Fig. 6, lane 1) .
Competition analysis was used to further identify the DNA-protein complexes shown with probes E2F-WT and E2F-MeC, respectively. A 100-fold molar excess of unlabeled oligonucleotide E2F-WT significantly competed with two complexes formed with the probe E2F-WT (self-competition) (Fig. 6, lane 2) . The intensity of the doublet complexes generated with the E2F-WT probe was also clearly reduced by a molar excess of the unlabeled oligonucleotides containing a methylated cytosine residue in either the first or the second site (Fig. 6, lanes 4 and 5) . However, an excess of the unlabeled oligonucleotide E2F-MeC containing m CG m CG sequences failed to compete with the formation of the doublet complexes at a 100-fold molar excess (Fig. 6, lane 3) . Thus, it was clear that the doublet complexes were specific DNA-protein interactions with the wild-type E2F binding site. Conversely, the complex formed with the E2F-MeC probe could compete only weakly with an excess of unlabeled E2F-MeA or E2F-MeB oligonucleotides (Fig. 6, lanes 9 and 10) . An excess of unlabeled oligonucleotide E2F-WT did not compete with the complex III formed by the probe containing two methylcytosine sequences (Fig. 6, lane 8) , indicating that the complex III resulted from interaction of proteins specifically with the m CG m CG sequence. 5-1 M) showed four cytosine residues at CpG dinucleotides in the core promoter region were partially converted to thymine. Representative sequencing results for the same three regions shown in Figure 2 for the rat are presented (see color plate, Fig. 7) . Even in cells treated with 0.5 M of 5-azaCdR, DNA conversion was detected most often in the E box motif, indicating that demethylation occurred more frequently at this site. When cells were cultured with 2 M 5-azaCdR, all cytosine residues in the sequence were converted to thymine, indicating that the 5-azaCdR-treated gene changed all methylated cytosine residues into the demethylated state in these conditions (Fig.  7) . Although the final sequencing products were 330 bp of the mouse FSHR core promoter, a cytosine residue at nt Ϫ161 was not clearly identifiable under our conditions.
The expression level of the FSHR gene in the 5-azaCdRtreated cells was assayed by RT-PCR analysis before and after treatment of MSC-1 cells with 5-azaCdR for 12 days. With PCR primers specific for the mouse FSHR cDNA sequences, a 290-bp region of the mRNA was amplified and analyzed by agarose gel electrophoresis. As shown in Figure 8 , the treatment of MSC-1 cells with 5-azaCdR caused the FSHR gene expression to increase in a dose-dependent manner (lanes 1-7) . The FSHR mRNA was only detectable after treatment of the MSC-1 cells with 1 and 2 M 5-azaCdR and in the whole testis control.
DISCUSSION
Cell-Specific Methylation in the Core FSHR Promoter
Cell-specific expression of a gene can be regulated by the cell-specific transcription factors interacting with the promoter of the gene [6, 29] . The region of the FSHR gene between Ϫ383 and ϩ1 bp, relative to the translational initiation site, is essential for maximum promoter activity and has been considered the core promoter [8] . This region of the core promoter contains two Inr-mediated transcriptional start sites, an E box, and an E2F consensus sequence. Even though some aspects of the mechanism of regulation of the FSHR gene have been investigated, there are no reports of cell-specific DNA-protein complexes in the FSHR promoter [7] [8] [9] [10] . In addition, reporter gene assays driven by the rat FSHR promoter have shown that this region could promote the promiscuous transcription of the gene in several cell lines in which the expression of the endogenous FSHR gene was originally repressed [10] . Lastly, a transgenic line of mice was reported to have testis-specific expression when a reporter gene was driven by 5 kb of the promoter sequence [10] .
In this study, we have shown that seven specific CpG sites within the FSHR core promoter are methylated in cells that do not express the gene. In addition, the extent of demethylation of this gene correlates directly with the level of the FSHR expression in the tumor-derived Sertoli cell line MSC-1. These results indicate that DNA methylation is one of the major factors regulating Sertoli cell-specific expression of the FSHR gene. In mammals, DNA methylation patterns appear to play a critical role in terms of gene regulation in differentiating and differentiated cells [11, 30, 31] . There is considerable evidence that a variety of cell-specific genes have distinctive DNA methylation patterns in expressing and nonexpressing cells and undergo demethylation at the stage of gene activation [11, 13, 31, 32] .
DNA Methylation Can Inhibit Transcription Factor Binding
Several studies have shown that the inhibitory effects of methylation in a promoter can be the result of altered binding of transcription factor(s) to the methylated binding motif [33] [34] [35] . Recently, it has been shown that the silencing of the testis-specific Pdha-2 gene occurs via the selective methylation of a CpG dinucleotide within the ATF/CRE binding site [36] . Generally, under conditions where there are low levels of CpG dinucleotides, cytosine methylation can function as a mutation within the factor-binding site to prevent the binding of transcription factors [35, 37, 38] . Selectively methylated site-specific elements in the promoters correspond to the inactive state of transcription in a variety of genes [35, [37] [38] [39] [40] . A possible mechanism is that a single CpG site within the cis-acting regulatory elements is sufficient to block the binding of the trans-acting factors to the DNA [33, 35, [41] [42] [43] . A single cytosine methylation could alter the local environment in the major groove of DNA that serves as the site for the binding of transcription factors [35, 44] .
Within the 320-bp region of the rat FSHR core promoter, four of the seven potential 5-methylcytosine residues are located within known protein-DNA binding sites. The methyl group(s) within cis-acting regulatory elements may interrupt the binding of trans-acting factors to their target sites on the promoter. It is reasonable to consider this inhibition mechanism because the promoter region of the FSHR gene exhibits rather low GϩC content (40%) and no extensive CpG-rich sequences. DNA methylation of the E box element (CACGTG, Ϫ124/Ϫ119) in the FSHR promoter region inhibited the binding of nuclear extracts from Sertoli cells by 3.5-fold. In other studies, methylation of the E box motif has been shown to significantly decrease the binding affinity of c-Myc/c-Myn [43, 45] .
A methylated CpG dinucleotide within the Inr region of the FSHR gene in the nonexpressing tissues enhanced the binding affinity of additional proteins that were specific for the methylated sequence. Because the Inr element is a central site for the formation of the transcription initiation complex in the TATA-less promoter, the methylated DNA sequence might recruit binding of a methyl-CpG-specific protein and subsequently lead to the repression of the promoter activity. This additional complex clearly showed the presence of proteins within the nuclear extracts from Sertoli cells with high affinity for the methylated CpG sequence. However, detection of the known methyl-binding proteins in supershift experiments using two different polyclonal antibodies against MeCP2 provided by Dr. A. Bird was unsuccessful (data not shown). Optimal binding conditions for the detection of the MeCP2 protein complex with the linear DNA sequence requires the DNA to be in the form of nucleosomes [46, 47] . The nature of the methylation-specific complexes in the Inr region is under investigation.
The E2F consensus sequence TTTCGCG, containing two CpG dinucleotides (Ϫ45/Ϫ39) is located in the FSHR promoter. Kovesdi et al. have previously shown that the binding of transcription factors to the E2F element was sensitive to methylation at the second cytosine [48] . Previous studies have shown that the methylcytosine binding protein, MeCP2, will bind at the methylated target sequence m CG m CG in the E2F element [49] . Our results showed that methylation at either cytosine residue in this element had the same effect as a mutation, i.e., the affinity of protein binding to this site was decreased. Recently, the positive functional role of the E2F motif in the FSHR promoter has been characterized with transient transfection assays that show that the transcription factor E2F-1 binds to this consensus sequence but not to the methylated sequence [50] . When the methylated probe containing -m CG m CG-dinucleotides was used in EMSA, a new DNA-protein complex was detected.
Recent evidence suggests that cytosine methylation can also exert inhibitory effects through altering chromatin structure and not by inhibition of the transcription machinery directly [14, 30, 51] . When CpG islands are located in the promoter region, DNA methylation of this region can be accompanied by changes in the chromatin structure for inactivation of a gene [52, 53] . Distinctive chromatin structure on methylated DNA can be explained by displacement of histone H1 with MeCP2 [54] . The MeCP2 has recently been shown to exist in a multiple repression complex in the promoter region, providing strong evidence for the alternative inhibitory mechanism by DNA methylation [55] [56] [57] . The repressive chromatin structure results from the recruitment of histone deacetylases (HDACs) by MeCP2 in nucleosomal DNA [47, 55] .
